H]thymidine incorporation of serum-starved cells were determined as described (21) . 27. For examination of cell migration, cells were serumstarved for 24 hours and migration was quantified by a microchamber technique. Cell suspensions (1 ϫ 10 6 cells/ml) and stimuli were prepared in serumfree Dulbecco's minimum essential medium. Stimuli or control solutions (30 l) were placed in the lower compartment of a 48-well migration chamber (NeuroProbe). Wells were overlaid with a polycarbonate membrane (pore size, 8 m; NeuroProbe), and 50 l of cell suspension was added to the top well. Chambers were incubated for 16 hours at 37°C, then membranes were removed, fixed in methanol, and stained with hematoxylin. We quantified cells that had migrated through the filter by counting six nonoverlaping fields at 200ϫ magnification. To determine whether the migration of cells in response to thrombin was chemotactic or chemokinetic, we performed checkerboard experiments (7) . In the presence of a negative ligand gradient (higher concentration on the cellular site), there was still migration of cells on the upper site of the filter (about 60 to 70% compared to positive gradient conditions). Equal concentrations of thrombin on both sites resulted in cell migration comparable to that under a positive gradient, indicating that the observed migration was predominantly chemokinetic. 28 Programmed cell death, or apoptosis, is of fundamental importance for the elimination of cells that are no longer needed in an organism (1) . During the past few years, there has been growing support for the idea that the basic molecular mechanism underlying apoptosis has been conserved during evolution among animals as diverse as nematodes, insects, and mammals (2) . A central step in this cell suicide pathway is the activation of an unusual class of cysteine proteases, named caspases (3) , that includes mammalian interleukin-1␤-converting enzyme (ICE) and the ced-3 gene of nematodes (4) . Caspases are synthesized as inactive zymogens that need to be processed to form active heterodimeric enzymes (4) . However, the precise mechanism of caspase activation in response to apoptotic stimuli remains unknown. Likewise, with the exception of the Caenorhabditis elegans caspase CED-3, it is not clear what precise role any other caspase has in apoptosis. The availability of many sophisticated genetic and molecular techniques makes Drosophila ideally suited for studying the questions of caspase activation and function. In Drosophila, like in mammalian systems, the onset of apoptosis is regulated by a number of distinct death-inducing stimuli (5) . Genetic studies have led to the identification of three apoptotic activators, reaper (6) , head involution defective (hid) (7) , and grim (8), that appear to act as mediators between different signaling pathways and the cell death program. The deletion of all three genes blocks apoptosis in Drosophila (6) , and overexpression of any one of them is sufficient to kill cells that would normally live (7) (8) (9) . The products of these genes appear to activate one or more caspases, because cell killing by reaper, hid, and grim is blocked by the baculovirus protein p35 (7) (8) (9) , a specific inhibitor of caspases (10).
To gain further insight into the function and control of caspase activity, we isolated Drosophila caspase-like sequences. Degenerate oligonucleotides corresponding to two highly conserved regions flanking the active site of the enzyme were designed and used for a polymerase chain reaction (PCR) with a Drosophila 4-to 8-hour embryo cDNA library as the template (11). We obtained several PCR products of the expected size that were subcloned and sequenced (11). One clone was highly homologous to the region containing the caspase active site, including the highly conserved QACRG (12) pentapeptide. This clone was used to isolate full-length cDNA clones and to deduce the entire amino acid sequence of this putative caspase (11) . The predicted open reading frame of the full-length cDNA encodes a protein of 323 amino acids (Fig. 1A) . The DNA sequence surrounding the first ATG (CAAGAT-GACC) is in good agreement with the consensus sequence for translation initiation in Drosophila (13). The corresponding protein was named Drosophila caspase-1 (DCP-1). In comparison with other caspase family members (4, (14) (15) (16) , DCP-1 is more homologous to CPP-32 and MCH-2␣ than to ICE. It shares 37% sequence identity with both CPP-32 and MCH-2␣, 29% identity with NEDD-2 (ICH-1), 28% with CED-3, and 25% with human ICE. This sequence similarity suggests that DCP-1 may be a member of the ced-3-CPP-32 subfamily of caspases.
Caspases are synthesized as inactive proenzymes that are proteolytically processed to form the active heterodimer consisting of a p10 (10 kD) and a p20 (20 kD) subunit (4 (16) .
To show that DCP-1 protein has protease activity, we expressed two different versions in Escherichia coli and tested the biochemical activity of the recombinant proteins on known substrates for caspases (18) . Full-length DCP-1 gave no or very little activity, whereas a truncated protein lacking the putative prodomain had very strong protease activity. This form of DCP-1 cleaved both poly(adenosine diphosphate-ribose) polymerase (PARP) ( Fig. 2A ) and p35 into fragments of the predicted size. Direct comparison with fragments generated by CED-3 cleavage indicated that both proteases cleave at identical sites ( Fig. 2A) . DCP-1 protease activity was completely abolished by iodoacetamide; thus cysteine is critical for enzyme activity. The CPP-32-specific inhibitor Ac-DEVD-CHO (14) completely inhibited PARP cleavage by DCP-1, whereas the ICE-specific inhibitor Ac-YVAD-CHO was ineffective ( Fig. 2A) . Therefore, DCP-1 is biochemically more closely related to CED-3 and CPP-32 than to ICE. DCP-1 also cleaved p35 in a manner identical to that of CED-3. Finally, the composition of the autoprocessed mature DCP-1 enzyme was determined. After purification of the truncated form of DCP-1, two bands of about 22 kD (corresponding to p20) and 13 kD (corresponding to p10) were detected with SDSpolyacrylamide gel electrophoresis (PAGE). Microsequencing analysis of the small subunit (19) demonstrated that the cleavage site producing the two subunits was, as expected, between Asp 215 and Gly 216 (Fig.  1B) . These results show that DCP-1 is a cysteine protease and has biochemical properties that are similar to that of the C. elegans cell death protease CED-3.
To determine if DCP-1 can induce cell death, we expressed the gene in several mammalian cell lines (20) . Cells expressing DCP-1 displayed the typical apoptotic morphology, such as condensed, rounded cell morphology and severe membrane blebbing. These observations indicate that expression of DCP-1 is sufficient to induce apoptosis. However, because expression of several proteases, including proteinase K, trypsin, and chymotrypsin, can induce apoptosis (21) , DCP-1 may kill by causing cellular damage that subsequently triggers an apoptotic response. To eliminate this possibility, we used a cell-free apoptosis system that permits the investigation of apoptosislike nuclear events (22) . In this system, cellular structures have been destroyed and therefore are no longer capable of sensing (hPARP) was used as the substrate for protease activity analysis. For inhibition, 10 mM iodoacetamide, Ac-DEVD-CHO, or Ac-YVAD-CHO, as indicated, was used as an inhibitor. They were mixed and incubated with the enzyme at 37°C for 10 min. Then physiological signals. Purified DCP-1 or proteinase K as a control was added to such a cell-free preparation from HeLa cells (22) . Upon treatment with DCP-1, the chromosomal DNA was fragmented and displayed the characteristic apoptotic DNA ladder (Fig. 2B) . In contrast, proteinase K failed to induce DNA fragmentation in this system (Fig. 2B) . Thus, DCP-1 acts far downstream to induce apoptosis, either by directly cleaving apoptotic targets or by activating other procaspases that may be present in the cellfree system. In either case, the fact that a Drosophila protein, DCP-1, can engage at least part of the apoptotic program in mammalian cells suggests that its targets have been conserved in evolution.
A Drosophila cell death caspase should be expressed in all cells that have the ability to undergo apoptosis. We determined the distribution of dcp-1 mRNA during Drosophila embryogenesis by in situ hybridization (23). Preblastoderm embryos, a stage before the onset of zygotic transcription, contained large and uniform amounts of dcp-1 RNA (Fig. 3A) . Therefore, dcp-1 is maternally expressed. In later stages, dcp-1 transcripts continued to be present throughout the embryo (Fig. 3B) . This uniform pattern of RNA distribution is consistent with a role of dcp-1 as an apoptotic effector. Toward the end of embryogenesis, dcp-1 expression became more restricted (Fig. 3C) . The reduction of dcp-1 transcript correlated well with the increased resistance of late embryos to the induction of apoptosis by x-ray irradiation and ectopic expression of reaper (9).
To begin investigating the function of DCP-1, we obtained loss-of-function mutations in the gene. dcp-1 was mapped by in situ hybridization to the cytological position 59F on the right arm of chromosome II, and chromosomal deletions for this locus were identified (24) (Fig. 4) . In addition, two preexisting lethal P element insertions, l(2)01862 and l(2)02132, were found to be inserted at different positions in the first exon of dcp-1 (Fig. 4) (24). These P element mutants behaved genetically as null alleles and will be referred to as the dcp-1 1862 and dcp-1 2132 alleles. Viable revertants of these alleles were generated and were associated with P element excisions, demonstrating that the phenotypes described below are indeed caused by the transposon insertions into the dcp-1 gene (25). To eliminate possible contributions of other mutations in the genetic background of the dcp-1 P element alleles, we conducted phenotypic analyses in trans to a deletion for dcp-1 (26).
Because ced-3 mutants of C. elegans are defective in programmed cell death, we investigated the pattern of apoptosis in embryos lacking zygotic dcp-1 function. Using TUNEL labeling and ENGRAILED antibody staining, we detected no significant abnormalities in the pattern of cell death (27). These data indicate that zygotic DCP-1 function is not required for most embryonic cell deaths in Drosophila, perhaps because of the existence of additional caspases (28) . However, because DCP-1 has significant maternal expression, it is also possible that sufficient DCP-1 protein is present during embryogenesis for cell death to occur.
Both alleles of dcp-1 caused lethality during larval stages, showing that dcp-1 is an essential gene. This lethality was associated with the transposon insertions, because it was seen in transheterozygotes of the two different P insertions and because it could be reverted by excision of the P elements (25). Although most of the dcp-1 homozygotes died before the third instar larval stage, some of the dcp-1 homozygotes reached that stage and displayed several abnormalities. Larvae mutant for dcp-1 had an overall normal central nervous system but lacked imaginal discs and gonads. In addition, they had fragile trachea. However, the most prominent phenotype of these larvae was the presence of melanotic tumors, located in various parts of the body (Fig. 5) . Melanotic tumors can result from either the overproliferation of blood cells or from an immune response toward abnormal cells and tissues in the larva (29) . In dcp-1 mutants, no evidence for hyperplasia of the lymph glands or overproliferation of blood cells was found. This suggests an immune reaction toward abnormal tissues or cells, possibly resulting from a defect in cell death. According to this model, cells that would have normally been eliminated by apoptosis persist in DCP-1-deficient animals but are eventually recognized by the fly's immune system. Although mammalian caspases have not yet been implicated in tumor suppression, this scenario would be consistent with the known role of apoptosis in preventing tumorigenesis in mammals (30) . Alternatively, the lack of dcp-1 function may lead to the aberrant differentiation of certain cells to a state where they become recognized as "nonself." In this case, dcp-1 would have a novel function that is independent and distinct from a role in cell death. This possibility is supported by the tracheal and imaginal disc phenotypes that are not easily explained by defects in programmed cell death.
The existence of prominent, fully penetrant phenotypes in dcp-1 mutants should facilitate future investigations on whether caspases may indeed have important and currently unknown developmental functions. Because Drosophila contains multiple caspases (28), it will also be possible to investigate whether these proteases function in a cascade or in parallel pathways or have redundant functions. Additionally, it should now be possible to identify functionally relevant targets of these proteases by the use of genetic as well as biochemical means. Finally, the identification of Drosophila caspases should help elucidate the mechanism by which they are regulated in response to apoptotic activators, such as reaper, hid, and grim. Because these genes provide a crucial link between different death-inducing signaling pathways and caspase activation, it should eventually be possible to deduce the precise mechanism by which defined apoptotic stimuli activate the cell death program. 8. P. Chen, W. Nordstrom, B. Gish, J. M. Abrams, ibid. 10, 1773 Abrams, ibid. 10, (1996 . 9. K. White, E. Tahaoglu, H. Steller, Science 271, 805 (1996) . 10. N. J. Bump et al., ibid. 269, 1885 Bump et al., ibid. 269, (1995 ; D. Xue and H. R. Horvitz, Nature 377, 248 (1995) . 11. Degenerate oligonucleotides corresponding to two highly conserved region upstream (LSHGEE) and downstream (GSWFIQ) from the caspase active site (QACRG) were used to perform PCR. Two degenerate primers encoding LSHGEE (CTG TCI CAT/C GGI GAA/G GA and CTG AGC/ T CAT/C GGI GAA/G GA) and two backward primers encoding GSWFIQ (CTG G/AAT GAA CCA IGA ICC and CTG G/AAT GAA CCA G/ACT ICC) were used in standard PCR reactions with an annealing temperature of 40°C and 0.5 g of DNA from a 4-to 8-hour Drosophila embryo cDNA library [N. H. Brown and F. C. Kafatos, J. Mol. Biol. 203, 425 (1988) ] as the template. PCR products with a size of 300 to 400 base pairs (bp) were reamplified and cloned into a Sma I-cut Bluescript II KS vector. Inserts were sequenced with 35 S-labeled deoxyadenosine triphosphate (dATP) and the DNA sequencing kit (United States Biochemical). A 32 Plabeled DNA probe was synthesized by PCR with the same PCR primers and used to isolate full-length cDNA clones from the aforementioned cDNA library. were broken but nuclei remained intact when analyzed under a microscope. A 30-l sample of this homogenate was used for each assay. To the homogenate was added 1 l (0.1 g) of proteinase K or 1 l of partially purified DCP-1. For inhibition of DCP-1, 0.1 mM Ac-DEVD-CHO was added with DCP-1. After 3 hours of incubation at 37°C, DNA was extracted and analyzed by agarose gel electrophoresis. 23. In situ hybridizations were performed as described (6) . 24. Chromosome in situ analysis was performed essentially as described [M. Ashburner, Drosophila: A Laboratory Manual (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, 1989), protocol 27] . A DCP-1 biotinylated probe was hybridized to the wild type as well as the three deletion strains shown in Fig. 4 . A collection of preexisting P element insertions mapping to the 59E-F region were crossed to these deletion strains for complementation analysis and were further analyzed by Southern (DNA) blot hybridization. Two P element strains, l(2)02132 and l(2)01862, showed alterations on a Southern blot when probed with the DCP-1 cDNA. The position and orientation of the two P elements in the DCP-1 gene were confirmed by PCR by using a 3Ј P element primer and a primer within the DCP-1 coding region, and DNA sequencing of the PCR products. The Df(2R)G10-BR27 chromosome appeared to contain additionally an unrelated background mutation that caused dorsal cuticle defects in embryos. 27. TUNEL labeling was carried out as described (9).
This technique labels apoptotic nuclei by incorporating biotinylated nucleotides at the end of DNA double-strand breaks [ Y. Gavrieli et al., J. Cell. Biol. 119, 493 (1992) ]. In addition, antibody staining against the Lymphocyte-specific interferon regulatory factor (LSIRF) [now called IRF4 (1)] is a lymphocyte-restricted member of the interferon regulatory factor (IRF) family of transcription factors (2) (3) (4) . This family is defined by a characteristic DNA binding domain and the ability to bind to the interferon-stimulated response element. Members of the IRF family are involved in diverse processes such as pathogen response, cytokine signaling, apoptosis, and control of cell proliferation (5) . We generated mice deficient in IRF4 by replacing exons 2 and 3 of the IRF4 gene with a neomycin resistance gene (6) . Mouse strains derived from two independent embryonic stem cell lines exhibited an identical phenotype. Mutation of the IRF4 gene was confirmed by Southern (DNA) blot analysis of tail DNA (shown for one mouse strain in Fig. 1A ). Hind III-digested DNA from IRF4 ϩ/Ϫ and IRF4 Ϫ/Ϫ mice displayed the 3.3-kb band of the mutant locus; the wild-type band at 8.4 kb was absent in IRF4 Ϫ/Ϫ mice. The absence of the IRF4 protein was confirmed by protein immunoblot analysis (Fig. 1B) .
At 4 to 5 weeks of age, lymph nodes and spleens of IRF4 Ϫ/Ϫ mice showed a relatively normal lymphocyte distribution and cellularity as compared with those of control littermates (Fig. 1C) . At 10 to 15 weeks, spleens were enlarged 3 to 5 times and lymph nodes were enlarged 10 times over those of control littermates, because of an expansion of T (both CD4 ϩ and CD8 ϩ ) and B lymphocytes (Fig. 1C) . The distribution of several different V ␤ -elements of the TCR was conserved, excluding the expansion of single T cell clones. Analysis of T cell surface molecules, including CD2, CD11a, CD18, CD25, CD28, CD45, CD54, FAS, and Thy-1, did not reveal any changes, although a slight increase in the number of CD69 ϩ T cells was observed.
Thymi of IRF4
Ϫ/Ϫ mice were of normal size and showed a normal distribution of thymic cell populations (Fig. 1C) (7) .
Analysis of B lymphocytes from bone marrow revealed no differences in the expression of the B cell surface molecules CD43, immunoglobulin M (IgM), IgD, Ig, B220, and I-A, indicating that early B cell development was grossly normal. The development of peritoneal CD5 ϩ B1 B cells was also normal (7) . Splenic B cells showed normal surface expression of IgM and of and light chains (Fig. 2) . However, on closer examination, spleens from IRF4 Ϫ/Ϫ mice were found to display increased membrane IgM (mIgM) high mIgD low , and decreased mIgM low mIgD high , B cell populations. The frequency of CD23 ϩ B220 ϩ B cells was markedly reduced, and the CD23 high B220 ϩ B cell subpopulation was absent (Fig. 2) , indicating a block at a late stage of peripheral B cell maturation (8). Consistent with such a block was the absence of germinal centers in B cell follicles of spleens and lymph nodes, even after the injection of sheep red blood cells, a stimulus that induces a large number of germinal centers in control mice (9). Furthermore, plasma cells could not be detected in the spleen or lamina propria of IRF4 Ϫ/Ϫ mice. 
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